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ON THE LNEAR STABILITY OF TWO-DIMENSIONAL BARIUM CLOUDS
1. THE INVISCID CASE

I. Introduction

The study of barium cloud phenomenology has been of interest to

ionospheric physicists for more than two decades. The release of barium in

• +- the ionosphere, followed by its rapid ionization, leads to a complex

S .-

Z4 interaction between the barium plasma and the background ionospheric plasma

° "in the presence of ambient electric and magnetic fields. One of the most

interesting phenomena observed is the structuring of the barium cloud: the

"fingering" or "striating" of the backside of the cloud. it is generally

believed that this structuring is produced by the E x B instability [Linson

and Workman, 1970]. A substantial research effort, both theoretical and

computational, has been devoted to understanding this instability and its

application to barium cloud structuring. The purpose of this paper is to

examine the linear stability of the steepened backside of two-dimfensional

barium clouds. We derive a relatively simple expression for the growth

rate of the perturbations on these backsides which are functions of () the

prmtrM which is the ratio of the inertdPedersen cnutvt

inerae Introduition

inside the barium cloud to that of the background ionosphere; (2) the shape

onof the cloud; (3) the plasma density gradient scale length L of the

steepened backside; and (4) the perturbation wavenumber k. For

sufficiently small kL, the growth time as a function of M traces out the

~"U-shaped curve" observed in previous studies [Linson, 1975; McDonald et

al__l, 1981; Overman and Zabusky, 1980].

The presene f abe remainder of this paper is as follows. In Section

II we derive the growth rate of a two-dimensional barium cloud, where we

approximate the steepened backside of the cloud as a discontinuity. In

Section Ita we relax this constraint and let the density gradient scale

length on the steepened backside be finite. In Section IV we relate our

results to the "U-shaped curve" of critical Reynold's number seen by

McDonald et al. 1981. Finally, in Section V we present our conclusions

and plans for future work.

Manuscrip approved Febrary 9, 1984.

5~'4



II. Theory

We are interested in deriving the approximate linear growth rate for

. perturbations applied to the steepened backside of an ionospheric barium

cloud. To achieve this we need several earlier results. The first is the

equation derived by Ossakow and Chaturvedi [1978] which describes the rise

velocities of plasma depletions in the shape of circular or ellipsoidal

cylinders in the presence of a gravitational field perpendicular to a

magnetic field B. It is simple matter to extend their equation to plasma

enhancements in the presence of an electric field Eo  (i.e., barium

clouds). The second result we shall need is the equation for the linear

growth rate of the gradient drift E x B instability when the plasma profile

consists of a single discontinuity in plasma density. This result has been

derived by Huba and Zalesak [1983]. Finally, we shall need to know the

dependence of the growth rate on the plasma density gradient scale length

in the real-world regime between the two extremes of a density

discontinuity on the one hand, and a smooth density distribution, where

"local" theory should hold, on the other. For this information we draw

upon the work of Huba et al. (1982] and a suggestion of J.A. Fedder

[private communication, 1983].

Consider an idealized two-dimensional barium cloud consisting of a

uniform density inside of a "waterbag" of ellipsoidal shape, acted on by a

uniform external electric field E x in the presence of a magnetic field B

2z. Let the ellipse axis in the direction of E be denoted by b and the--0
other axis by a. Let the ion density of the barium cloud be denoted by nb

and that of the background ionosphere be denoted by no . This situation is

depicted in Fig. 1. Then the results of Ossakow and Chaturvedi (1978] can

be extended to show that the total electric field E inside the barium

cloud is given by

E E (1)
- -ol+MR

where

% R a/b (2)
.

2
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- -nb + no/no (3)

Equation (1) is the first result we shall need for our analysis.

Now consider a one-dimensional barium cloud, infinite and invariant in

the x direction, which consists of a single jump in electron density from

nb + no to no at y = 0. That is, ne = nb + no for y < 0, and ne = no for

y > 0, where ne is electron density. Again we impose an electric field,

denoted here by E, aligned in the x direction. We then perturb the

* interface at y - 0 such that the position of the perturbed

interface n(x) is given by n - a cos kx where a is a small distance. This

situation is depicted in Fig. 2. It is shown in Huba and Zalesak 11983]

that this interface will grow in amplitude with growth rate y given by

k cE M - 1
y. kB M+ (

Equation (4) was derived under the assumption that both Hall currents and

the inertial terms in the ion momentum equation are negligible. M is as

defined in Eq. (3). An alternative derivation of Eq. (4), due to the first

author, is given in the Appendix.

Consider a steepened barium cloud, as depicted in Fig. 3. If we

consider only the tip of the steepened backside, and we further consider

only perturbations of sufficiently long wavelength such that kL is small,

where k is the perturbation wavenumber and L is the characteristic scale

length of the density gradient on the backside of the cloud, then the

growth rate of these perturbations should be well approximated by Eq.

(4). However, note that the electric field E seen by the cloud is not the

externally imposed electric field Eo, but rather some smaller electric

field that is a result of the shielding effects of the two-dimensional

cloud. If we approximate our barium cloud as an ellipse as depicted in

Fig. 1, then Eq. (1) yields precisely this smaller electric field:

E -E I +R (5)
- -o +MR(

. ; . ....K j ,. ..-... . .......... .., ..... .. .........-. ' '* * . . ...,.,.. ....... ,.,.. .



Substituting this field into Eq. (4) we get finally

cEk o (M - 1) (R + 1)
y k -B (M + 1) (MR + 1) (6)

For the special case of a circular shape (R - 1) we get

2k CE0 M-1 (7)B (M + 1)2

Equation (7) traces out an inverted "U-shaped" dependence of y on M,

which we relate to the "U-shaped curve" of McDonald et al. [1981] in

Section IV. The M dependence of y is given by (M - !)/(M + 1)2, which

maximizes at M - 3. A plot of this quantity, as well as its two factors,

(M - 1)/(M + 1) and (M + 1)-1, which are due to I-D instability and 2-D

shielding respectively, is shown in Fig. 4. Note that the falloff in y for

small M is due to 1-D instability effects alone, while the falloff in Y for

large M is due to 2-D shielding alone. Thus we conclude that the

resistance of 2-D high M clouds to bifurcation (see McDonald et al., 1981)

is due to 2-D shielding.

Equation (7) is very similar, but not identical to, an expression

derived by Overman and Zabusky [1980] for the case of a perfectly circular

"waterbag" model of a barium cloud. Their linearized analysis showed the

results of perturbing a circular cloud of radius ro by making radial

sinusoidal displacements of its boundary

r = r + E a cos m (8)
0 m

where ro is the initial radius of the cloud, r is the perturbed radius,

am is the perturbation amplitude, $ is the angle measured from the backside

of the cloud, and m is an integer (mode number). They found that

cE

3 am/at ( (2 r o M -2 am+l (9)
0 (M + 1)

Note that if we write our perturbation (8) in terms of arc length ro
0

multiplied by a wavenumber k then cos m6 - cos k r0 and

m/ro - k (10)

4
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making Eq. (9) yield the same "growth rate" as given by Eq. (7), except

that there is an am on the left side of (9) and an am+l on the right

side. Thus we have not totally recovered the results of Overman and

Zabusky [1980] for the circular waterbag, but the similarity is both

striking and encouraging. Furthermore, our formula Eq. (6) exhibits

several advantages over the Overman and Zabusky [1980] result. For one

thing, we do not have the ambiguity associated with using the term "growth

rate" to describe the rate at which mode m+1 supplies energy to mode m (see

Eq. 9). Equation (6) is a genuine growth rate in the usual sense of the

word. Also, precisely because we have derived Eq. (6) as the product of a

term involving global effects, i.e., the overall shape of the cloud, and a

term involving local effects, i.e., the densities and electric fields at

the steepened edge of the cloud, it is possible to generalize the results

to elliptical clouds (via the R dependence) and, more importantly, to the

case of a finite density gradient on the backside of the cloud, as we shall

see in Section III.

III. Approximating the Growth Rate in Cases Where the Density Gradient is

Finite

Let us return to Eq. (4). This equation was derived under the

assumption that the edge of the barium cloud represented a true

discontinuity in electron density; but real barium clouds consist of finite

gradients. How accurately does Eq. (4) represent the case of a sharp but

finite density gradient and how are we to treat the case where the density

gradient is not even sharp? The work of Huba et al. [1983) gives

numerically generated growth rates for a wide range of ratios of

perturbation wavelength to gradient scale length. However, we are

interested here in finding a simple, closed form expression. We propose

the following, after a suggestion due to J.A. Fedder [private

communication, 1983]

- k cE M - I kL € M + I (la)
B M +1 M- 1

4 cE -L > M + 1
y L ki> (11b)M I

5
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where L- 1 is the maximum value of the quantity - for the geometry
n e y

.. . shown in Fig. 2 wherein we have replaced the discontinuity by a finite

transition length. Equation (lib) is the classical result for the gradie t

drift instability from local theory (see Linson and Workman [1970]). The

combined Eq. (11) agrees very well with the actual numerical results shown

in Huba et al. [1983] when allowance is made for the fact that the L used

in that paper differs from the one used here by a factor of 1.45. A

comparison is shown in Fig. 5.

Combining Eq. (11) with Eq. (1), we get our final expressions for the

growth rate of instabilities on the steepened backside of a barium cloud,

in the absence of diffusion:

- cE 1  i R1__
Y. - c o M - 1 R + 1i M + I(1aB Mk1kL+1 (12a),,.B T + I M + I ' M - 1

"" " cE

Y . o L-1 R + 1 UL > M + i
B MR + l" ' M- I

An obvious caveat to the above is that the perturbation wavelength X =

k/21 must be smaller than the total diameter of the barium cloud to have

the concept of a Fourier mode perturbation to make any sense at all.

We note that we have constructed our final expressions such that they

not only very closely recover the results of Overman and Zabusky [1980]

(for R = 1 and L 0 0, as previously discussed) but also accurately

reproduce the other known case of a one-dimensional plasma distribution (R

-0) for the entire range of kL.

N> :IV. Relationship to the U-Shaped Curve
Equation (7), when viewed as an expression for y as a function of Mi,

yields a curve which maximizes at M - 3 and monotonically decreases away

from this value for all values of M for which our barium cloud represents a

true enhancement in electron density (1 4 M < -). In fact the growth rate

y is zero for M - 1 and M - -. The corresponding curve of a growth time

-a. y versus M minimizes at M = 3 and goes to infinity at M - I and M = -.

Curves of y versus . which exhibit this qualitative behavior have been

4F %•
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dubbed "U-shaped curves" by several researchers. If one views barium cloud

bifurcation as a battle between the gradient drift growth rate y and

diffusive processes, then this U-shaped curve can be related to a similar

U-shaped curve which relates the amount of diffusion D needed to stop the

bifurcation of a cloud of a given radius ro, as a function of M. Let us

assume that the effect of diffusion is to contribute a term - k2D to the

growth rate. Let us further approximate our barium cloud as a cylinder (R

= ), with very steep edges (L/ro < 1). Then our growth rate is

cE
y 2k o M k2D (13)

B2
M+ 

We will further assume that bifurcation, if it takes place at all, takes

place at kL I. The bifurcation condition is then found by setting y = 0

in (13) with k - 1:

cE
L-2 D 2L- (14)B (M+1 2

(1+)

cE' T0 L i M+1 2

_ 1( M+1) (15)

D 2 (14 - 1)

Noting that the left-hand side of (15) is simply McDonald et al.'s [1981]

Reynolds number Re we get

Re 1 (M + 1) (16)
2 (M - 1)

V Note that McDonald et al. [1981] got

(1+ 1)2
Re - 75 (M - 1) (17)

so the functional forms are the same but our Eq. (16) seems to state that

it requires 150 times more diffusion to stop bifurcation then was observed

by McDonald et al. [1981]. Whence the discrepancy? Part of the difference

can be removed by noting that the "finger" of McDonald et al. [1981]

corresponds to taking R = -, in which case we would get

Re - M(M +1) (18)
_- A-(1e -DW)

d4"

- a
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For large M this removes half of the discrepancy. Accounting for a larger

share of the difference is McDonald et al.'s [1981] equation for computing

L (their Eq. (5)), whlzh appears to give L's which are larger than the

minimum gradient scale length we have assumed here. However, we do not

believe this effect could account for a factor greater than ten, which

still leaves a discrepancy of more than seven. That is, the model we

propose here predicts a factor of at least seven greater diffusion

necessary to stop bifurcation than is given by McDonald et a!. [19P1]. The

U-shaped dependence on M, however, is the same. We hooe to be able to

resolve these quantitative differences in the sequel to this paper

[Zalesak, 1983], where the full effects of diffusion are considered.

V. Conclusions

We have derived an expression, Eq. 12, that we believe to be a good

approximation to the actual growth rate of perturbations applied to the

steepened backside of a two-dimensional ionospheric barium cloud, for the

case of no electron or ion diffusion. Diffusion plays a large role in the

behavior of two-dimensional barium clouds, however, and affects the growth

rate in two ways:

(i) diffusion will determine the maximum density gradient that can

exist at the backside of the barium cloud;

(ii) diffusion will provide a damping mechanism for any perturbation

which attempts to grow on the backside of the cloud. We have

already treated this effect, at least approximately, in Section

IV.

These two combined effects of diffusion are treated in the sequel to this

Vpaper [Zalesak, 1983].

6.'
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Appendix. Derivation of the E x B Instability Growth Rate for a

Discontinuous Interface

The geometry we shall consider is depicted in Fig. 6. The

differential equations describing this system are [McDonald et al., 1981]:

an
ate+ V-[ne - 0 (Al)

V-[n e V1 ]  E.Vn e  (A2)

where v - V x B (A3)
B

Here ne is the electron density, which is n' for y > n(x) and n for
y < TI(x), c is the speed of light, B is the magnetic field, E is the

imposed electric field, and is the induced electrostatic potential. Note

from Eq. (A3) that we have placed ourselves in a reference frame drifting

with the E x B velocity. Our two-dimensional plasma resides in the x-y

Cartesian plane. B is aligned along z.

If E - E x, and we ignore Hall currents, then the geometry depicted in

Fig. 6 is an equilibrium configuration with n - 0. We now apply a

perturbation to the position of the interface, denoted by n(x), of the form

a a cos kx e (A4)

and ask what the response of the electrostatic potentials in the two

regions will b2. Noting that Vn = Vn' - 0, since the fluid is

incompressible and we have only moved the interface, Eq. (A2) becomes

V2' -0 , y > n(x) (A5)

V2- 0 y < n(x) (A6)

If we assume solutions of the form

iati
- G'(y) sin kx eiat, y > n(x) (A7)

9 9~
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. G(y) sin kx eiat v < r (x) (A8)

(Note we are assuming a specified phase relationship between n and ' which

will later be shown to satisfy our boundary conditions), then demanding

that t' vanish at y - + - and b vanish at y - o yields

€" C" e - k y snxe i a t

=C e sin kx e , y > r(x) (A9)

,;k. -. "
,_' : =C e+k  sin kx e t , y < -I(x) (AlO)

We shall later see that a is pure imaginary, meaning that the perturbation
-. does not propagate in the x direction. Therefore the movement of the

interface is determined by the y-components of the velocity fields at the

interface, which must be the same for the interface to be well defined (no

:"" interpenetration or cavitation):

a- v" - v at y = n (All);.- . t y y

but v _ c 36
y B ax

y B ax

so

B a'- kC-e-ky cos kx e t (A12)
ce c seit ( )

- kC e k y cos kx e y

Since is assumed to be arbitrarily small we have

C C (A13)

but by Eq. (A4)

-n ia a cos kx e (A14)

% . " le -. '..:..10



so comparing (Al2) and (A14) we get

i-B a kC' kC (A15)
c

Now we have one last constraint to satisfy, namely that 7.J 0 0. We

will use the integral form of this constraint, that is

.. s(v)J.n dS = 0 (A16)

for any control volume V bounded by surface S(V). Equation (A16) obviously

holds for any control volume not containing the interface n(y), since n - a

constant and V2€ = 0. Consider our interface and the control volume

depicted in Fig. 7. JL' JR' JB and J are the total currents flowing

* through the left, right, bottom and top surfaces respectively of the
control volume. We define n - xR) and

J J.n ds = J J + J - J =0 (A17)
R L T B= *". nk~ - k y T 17xL

JT -n - - +nkCe x sin kx dx (AI8)

J n- - nkCek y B  R sin kx dx (A19)B 3 y L

J JI + II (A20)
R R R

where

J he -. xjdy (A21)

I"" YTJR n ( E -- Jdy (A22)
R

Since both ax and the integration path length rYT- n. are perturbation

quantities in Eq. (A22), the integral involving n' aY/3x will be quadratic

in the perturbation and hence negligible. We then get

SI YT n'E dy =(YT nRJn'E (A23)

R II
R
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*. Similarly

II RJ M  n E dy YB n E  (A24)
* R a] B (A24)

I + .IH YTnE - YBnE + -, kn  n')E (A25)"JR " R JR T"

Using similar reasoning we get

SJL YT n ' E - yBnE + ,L(n - n°)E (A26)

JR JL = (n - n')E(lR -nL) (A27)

S We now let

(xR - XL) +0 (A28)

Then

i''q =R J (n - n')E 22 x(A9J - 3'-,IR - L (A29)
R JL antx R L)

but from Eq. (A4)

ax Ak sin kxeit (A30)

so

S-R JL (n - n')E a k sin kx e iattXR X L). (A31)

-3 Using Eq. (A28) and noting that YT and YB are perturbation quantities we

can set

x sin kx dx sin kx(XR - XL) (A32)
L

UN -kYT +kYB

e "e = (A33)

12
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and hence Eqs. (A18) and (A19) become

JT + n'kC sin kx xR - XL) (A34)

J i  n kC sin kx(x R -XLJ (A35)

JT -B (n + n) kC sin kxxR XL) (A36)

Combining Eq. (A36), (A31), and (A17) and canceling the common term

ksin kx e iatxR - XL) we get

(n + n)C - (n - n')E a - 0 (A37)

Now substituting Eq. (A15) into (A37)

(n +n)i(n - n )Ea,

- n kE (A38)
n+n B

" n -n E
B' i-" y - k C (A39), .>n + n B

Defining M n/n"

M + 1 k cE (A40)
=M+l B-

which corresponds to the result obtained by Huba and Zalesak [19831.
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BACKSIDE OF BARIUM CLOUD

.*.',

! n. =n o -+-nb  ne no
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Fig. 1. Idealized "waterbag" elliptical barium cloud geometry. The total
electron density, barium cloud ion density, and background

T•ionosphere ion dens ity are denoted by ne t. nb , and n o

" " .'respectively. B is the ambient magnetic field, and E. is the

• .- externally imposed electric field. E is the constant shielded

=Velectric field inside the cloud. a and b are the majlor and minor

axes of the ellipse respectively.
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Fig. 2 Geometry of 1-D barium cloud configuration for stability analysis

of discontinuous interface.
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--40

Fig. 3 Isodensity contours of a steepened 2-D barium cloud. The box

indicates that region of space over which we will apply our -D

stability analysis by approximating the density gradient there as

a 1-D, slowly evolving structure.
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Fig. 4 Plot of the M-dependence of the growth rate given by Eq. (7), M -

1/(M + 1)2. Also shown are its two component parts, (M - 1)/(M +

1) and (M + )- I , due to 1-D instability and 2-D shielding

results respectively.
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AFig. 5 Plot of normalized growth rate versus kL for the case of the M

lip 39 cloud considered by Huba et al. [19821. The solid line
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depicts the simple model shown here, while the circles represent

numerical results from Huba. et al. f 1982].
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Fig. 6 Geometry of I-D barium cloud configuration for stability

analysis, as in Fig. 2. n and 6 are the plasma density and

electrostatic potential, respectively. Primed and unprimed
'p

variables denote quantities above and below the interface

y - n(x), respectively. Shown is the control volume used to

evaluate V.J.
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Fig. 7. Blow-up of the control volume shown in Fig. 6. Depicted are the

total currents flowing through the four surfaces of the volume.
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01CY ATTN DANIEL A. HAMLIN OCY ATTN S. ALTSCHULER
OCY ATTN E. FRIEM.AN OICY ATTN D. DEE
OICY ATTN E.A. STRAKER OICY ATTN D/ STOCKGELL
OLCY ATTN CURTIS A. SMITH SNTF/1575
OICY ATTN JACK MCDOUGALL

VI SIDYNE
SCIENCE APPLICATIONS, INC SOUTH BEDFORD STREET
1710 GOODRIDGE DR. BURLINGTON, MASS 01803
MCLEAN, VA 22102 OICY ATTN W. REIDY

ATTN: J. COCKAYNE OCY ATTN J. CARPENTER
OICY ATTN C. HUMPHREY

SRI INTERNATIONAL
333 RAVENSWOOD AVENUE
MENLO PARK, CA 94025
OCY ATTN DONALD NEILSON
OICY ATTN ALAN BURNS
01. OlCY ATTN G. SMITH
OtCY ATTN R. TSUNODA
01CY ATTN DAVID A. JOHNSON
OCY ATTN WALTER G. CHESNUT
OICY ATTN CHARLES L. RINO
O1CY ATTN WALTER JAYE
OICY ATTN J. VICKREY
OICY ATTN RAY L. LEADABRAND
01CY ATTN G. CARPENTER
OICY ATTN G. PRICE
OICY ATTN R. LIVINGSTON
OICY ATTN V. GONZALES
01CY ATTN D. MCDANIEL

TECHNOLOGY INTERNATIONAL CORP
75 WIGGINS AVENUE
BEDFORD, MA 01730
OICY ATTN W.P. BOQUIST

TOYON RESEARCH CO.
P.O. Box 6890
SANTA BARBARA, CA 93111

OICY ATTN JOHN ISE, JR.
OICY ATTN JOEL GARBARINO
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IONOSPHERIC MODELING DISTRIBUTION LIST
(UNCLASSIFIED ONLY)

PLEASE DISTRIBUTE ONE COPY TO EACH OF TEE FOLLOWING PEOPLE (UNrLESS OTHERWISE
NOTED)

NAVAL RESEARCH LABORATORY NASA
WASHINGTON, D.C. 20375 GODDARD SPACE FLIGHT CENTER

Dr. P. MANGE - CODE 4101 GREENBELT, MD 20771
Dr. P. GOODMAN - CODE 4180 DR. K. MA.EDA

- DR. S. CURTIS
- A.F. GEOPHYSICS LABORATORY DR. M. DUBIN

L.G. HANSCOM FIELD DR. N. MAYNARD - CODE 696

BEDFORD, MA 01730
DR. T. ELKINS CO.-%t\NDER
DR. W. SWIDER NAVAL AIR SYSTEMS COMMAND
MS. R. SAGALYN DEPARTMENT OF THE NAVY
DR. J.M. FORBES WASHINGTON, D.C. 20360
DR. T.J. KENESLIEA DR. T. CZ13A
DR. W. BURKE

-''-.DR. H. CARLSON COM IN!ANDER

DR. J. JASPERSE NAVAL OCEAN SYSTEMS Cr'TER
D JJS SSAN DIEGO, CA 92152

BOSTON UNIVERSITY MR. R. ROSE - CODE 5321
DEPARTMENT OF ASTRONOMY
BOSTON, MA 02215 NOAA

DR. J. AARONS DIRECTOR OF SPACE AND
ENVIRONM3NTAL LABORATORY

CORNELL UNIVERSITY BOULDER, CO 80302
. ITHACA, NY 14850 DR. A. GLENN JEAN

DR. W.E. SWARTZ DR. G.W. ADAMS
DR. D. FARLEY DR. D.N. ANDERSON

DR. M. YMLLEY DR. K. DAVIES
DR. R.F. DONNELLY

HARVARD UNIVERSITY
HARVARD SQUARE OFFICE OF NAVAL RESEARCH

e CA.RIDGE, MA 02138 800 NORTH QUINCY STREET
DR. M.B. McELROY ARLINGTON, VA 22217
DR. R. LINDZEN DR. G. JOINER

INSTITUTE FOR DEFENSE ANALYSIS PENNSYLVANIA STATE UNIVERSITY
400 ALMY/NAVY DRIVE UNIVERSITY PARK, PA 16802
ARLINGTON, VA 22202 DR. J.S. NISBET

DR. E. BAUER DR. P.R. ROHRBAUGH
DR. L.A. CARPENTER

MASSACHUSETTS INSTITUTE OF DR. M. LEE
TECHNOLOGY DR. R. DIVANY

PLASMA FUSION CENTER DR. P. BENNETT
LIBRARY, Nw16-262 DR. F. KLEVANS
CARIDGE, m 02139

SCIENCE APPLICATIONS, INC.
1150 PROSPECT PLAZA
LA JOLLA, CA 92037

DR. D.A. HAMLIN
DR. E. FRIEMAN
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STANFORD UNIVERSITY UNIVERSITY OF TEXAS
STANFORD, CA 94305 AT DALLAS

DR. P.M. BANKS CENTER FOR RESEARCH SCIENCES
P.O. BOX 688

U.S. ARMY ABERDEEN RESEARCH RICHARDSON, TX 75080
%%-.AN DEVELOPM ENT CENTER DR. R. HEELIS

BALLISTIC RESEARCH LABORATORY DR. W. HANSON
ABERDEEN, MD DR. J.P. McCLURE" ". DR. J. REI.SRL

D._H ERUTAH STATE UNIVEP.SITY

GEOPHYSICAL INSTITUTE 4TH AND 8TH STREETS
*'.ERSIT oF ALOCAN, UTAH 84322

FAIRBANKS, AK 99701 DR. R. HARRIS
DR. L.E. LEE DR. K. BAKER

,*- DR. R. SCHUNK
UNIVERSITY OF CALIFORNIA, DR. J. ST.-M-AURICE

BERKELEY
BERKELEY, CA 94720 PHYSICAL RESEARCH LABORATORY

DR. M. HUDSON PLASMA PHYSICS PROGRAOtE
AHNEDABAD 380 009

UNIVERSITY OF CALIFORNIA INDIA
LOS ALANIOS SCIENTIFIC LABORATORY Pj. PATH.K, LIBRARIAN
J-10, MS-664

A- LOS ALAMOS, N.M 87545 LABORATORY FOR PLASMA AND
DR. M. PONGRATZ FUSION ENERGY STUDIES
DR. D. SIMONS UNIVERSITY OF MARYLAND
DR. G. BARASCH COLLEGE PARK, MD 20742

e'. DR. L. DUNCAN JHAN V.RYAN HELL.MAN,
-DR. P. BERNlRDT REFERENCE LIBRARIAN

DR. S.P. GARY

UNIVERSITY OF MARYLAND
COLLEGE PARK, MD 20740

DR. K. PAPADOPOULOS
DR. E. OTT

JOHNS HOPKINS UNIVERSITY
APPLIED PHYSICS LABORATORY
JOHNS HOPKINS ROAD
LAUREL, MD 20810

DR. R. GREEN-JALD
DR. C. MENG

UNIVERSITY OF PITTSBURGH
V' PITTSBURGH, PA 15213

.DR. N. ZABUSKY
DR. M. BIONDI

DR. E. OVERMAN
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